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2. I 
Abstract 

A series of 18 Ni (300 grade) maraging steels of overall commercial 

purity but containing also deliberate impurity additions of sulphur,  phos- 

phorus,  carbon,  chromium and silicon + manganese has been studied.    The 

fracture toughness and stress-corrosion resistance (determined using plane- 

strain fatigue-precracked specimens tested in 3. 5% sodium chloride solution) 

of these steels have been compared to the fracture toughness and stress- 

corrosion resistance of a commercial purity 18 Ni (300 grade) maraging 

steel with no deliberate impurity additions, and to a similar steel prepared 

from special high-purity melting stock.    The most important conclusions 

reached are that: (i) Ultra-high purity steels do not have significantly im- 

proved stress-corrosion resistance but show useful increases in fracture 

toughness when the carbon content is less than 0. 005%; (ii) Simultaneous 

additions of Mn + Si result in extremely low frr.cture toughness values; 

(iii) High carbon contents (greater than 0. 03%) result in marginally im- 

proved stress-corrosion resistance; (iv) High Cr contents result in rather 

poor stress-corrosion properties.    These results have been correlated with 

the electron transmission microstructure of the steels and the results of a 

fractographic analysis of the fracture surfaces. 
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3. 

I.    Introduction 

Although there is currently conaiderable controversy as to whether or 

not pure metals are susceptible to stress-corrosion cracking (1), there is 

general agreement that high-purity metals are very often moie resistant to 

this phenomenon than those of commercial purity.    Furthermore,  very 

small traces of impurities (for example 0. 004% P in Cu (2)) can result in 

large differences in stress-corrosion resistance.    These observations 

obviously have many practical and theoretical implications.    The objectives 

of the present work, therefore, were to determine the effect of the com- 

mercially present impurities on the stress-corrosion cracking susceptibility 

of 18 Ni (300 grade) maraging steels, in the hope that useful improvements 

in their stress-corrosion resistance might be obtained,  and also that the 

effects of particular impurities might give some insight into the mechanism 

of environmentally-induced sub-critical crack growth in these steels.    The 

18 Ni maraging steels were chosen firstly, because their stress-corrosion 

properties are already superior to those of low-alloy martensitic steels of 

equal strength (3) and thus any further improvement would be of practical 

importance.   Secondly, the advanced melting practices used in the pro- 

duction of maraging steels offer the best hope for the commercial production 

of special steels of relatively high purity and very closely controlled chemistry. 

It was also of interest to compare the effects of trace impurities on the fracture 

toughness of maraging steels with similar effects in low-alloy high-strength 

steels (4). 

II.     Materials and Experimental Procedures 

1.    Materials 

The alloys investigated were based on the 18 Ni (300 grade) maraging 

steel,  of nominal composition: 

Ni Co Mo Al Ti Fe 

18 9 5 0. 1 0.75        Balance 
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Seven steels were studied.    Five were prepared from commercial-purity 

melting stock with deliberate (nominal) additions of 0. 025% S,  0. 025% P, 

0. 50% C,  0. 30% Cr and 0. 15% Si + 0.15% Mn respectively.    The stress- 

corrosion cracking susceptibility and fracture toughness of these steels 

were then compared with JWO further steels which had been prepared without 

deliberate impurity additions,  one from the same commercial-purity melting 

stock and the other from specially purchased high-purity elements. 

Each steel was produced as a 30 lb. vacuxun-induction melt (see 

Appendix I.A. ) by the Paul D.  Merica Research Laboratory of the Inter- 

national Nickel Company, whose assistance is gratefully acknowledged. 

This laboratory also provided some of the compositional analyses shown 

in Table 1; extension of these analyses to other elements was by independent 

spectrochemical analysis. 

Compositional effects are discussed in greater detail later in light of 

the experimental results reported below, but two points may be noted here. 

Firstly, for all elements except carbon, the target compositions were 

approximately attained, with respect to both the actual concentration levels 

of each element and the absence of unintentional compositional variations 

between steels.    With carbon, however, there were unexpectedly large 

variations in concentration between steels, which made interpretation of 

the experimental results more difficult.    Secondly,  the steel prepared from 

the nominally hig'a-purity starting materials was only marginally purer than 

the steel prepared from commercial-purity melting-stock,  in spite of 

the fact that the former steel was prepared from specially purchased elements 

which,  according to the suppliers' claims,  should have resulted in a steel 

of significantly greater purity.    This unsatisfactory composition of the high- 

purity steel may probably be attributed to over-optimism on the part of the 

suppliers combined with pick-up of tramp elements during melting. 
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To facilitate interpretation of the stress-corrosion data it was con- 

sidered essential that all the steels be studied at the same strength level. 

Preliminary experiments (see Appendix I. B. ) indicated that the presence 

of specific impurity additions did not significantly affect the aging kinetics; 

a single aging curve very similar to others reported in the literature (5, 6) 

was obtained.    All the steels were therefore austenitized for 1 hour at 

1500oF (8160C) and aged for 6 hours at 900oF (4820G), as recommended 

commercially; no other heat treatment conditions were investigated. 

The mechanical properties of the experimental alloys after heat- 

treating were determined using non-standard tensile specimens of the 

design shown in Figure 1(A).    The results obtained are reported In Table 2 

(see Appendix II. A for experimental details).    The yield and tensile strengths 

were somewhat lower than it had been hoped would be achieved. 

11.     2.    Stress -Corrosion and Fracture Toughness Tests. 

All the stress-corrosion testing undertaken involved the use of fatigue- 

precracked,  plane-strain specimens loaded in a cantilever-beam configura- 

tion, as illustrated in Figure IB.    Fracture mechanics concepts were used 

to analyse the experimental data,  after Brown (7) and Freed and Krafft (10) 

(see Appendix II. B.).    The stress-corrosion specimens were machined to 

their final dimensions after austenitizing but before maraging.    Fatigue 

precracking however,  was carried out,  according to the A. S.T.M. recom- 

mendations (8),  after maraging; the precrack was of type RW.   (9).    The 

fracture toughness of the steels was determined on specimens basically 

similar in design and dimensions to those illustrated in Figure 1(B) with 

the exception that they were ground from the failed stress-corrosion 

specimens; their total length therefore, was 8  1/2 ins. with the notch aad 

fatigue precrack located 3 1/2 ins. from one end. 
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All stress-corrosion testing was undertaken in an aerated 3. 5% NaCl 

solution controlled at 40oG (see Appendix II.   C. ), this environment was 

prepared from reagent-grade sodium chloride and distilled water and was 

of pH 6. 3-6. 6.    Sufficient material was available to prepare eight stress- 

corrosion specimens from each alloy.    These were used conventionally to 

estimate K for each steel.    K wa    always approached from 
Is. c.c. Is.c.c 

one value of KT was observed,  indicating insignificant crack-blunting 
Is. c. c. 

both above and below (see Appendix II. D.).    In each case, however,  only 

;; 

by corrosion. 

II.      3.    Electrochemical Measurements and Metallography 

As reported below,   significant differences in fracture toughness and 

stress-corrosion susceptibility were observed between the steels.    In an 

attempt to correlate these differences with variations in the electrochemical 

characteristics of the steels, polarization studies were undertaken.    Anodic 

and cathodic polarization curves for all the steels were determined in the i 

same environment used for the stress- corrosion studies; the apparatus 

used is shown diagrammatic ally in Figure 2 and has been described in 

detail elsewhere (11).    Conventional experimental procedures were used 

to generate the polarization curves (see Appendix II. E. ). 

Attempts were also made to correlate the differences in stress-corrosion 

resistance and fracture toughness with microstructure.    Optical metallography, 

electron transmission microscopy and electron fractography were used (see 

Appendix II. F. ). 

III.      Experimental Results 

1.    Stress-Corrosion and Fracture Toughness Tests 

The dry-air plane-strain fracture toughness values, K    , determined for 

the seven steels are shown in Table 3.   Statistical analysis indicated that 

there were no significant differences in the fracture toughness of steels 

B,  D, E and F at the 90% confidence level; their mean value of IC    was 
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56. 5 ±2.5 k. s. i./i.    Both steels A and C however, had a significantly higher 

fracture toughness, within the range 65-68 k.s.i./l; from the compositions 

shown in Table 1 it is apparent that very low carbon contents have a beneficial 

effect on fracture toughness but that the deleterious effect of increasing C 

additions soon reaches a limiting valuci (at about 0. 01%) and thereafter, 

within the range investigated,  does not continue to increase.    The fact that 

the sulphur-containing steel had a purity similar to that of the high-purity 

steel with respect to all elements except S and Ti indicates that the observed 

high KT    values must be due to the low C contents of both steels.    The 
Ic 

relatively high purity of the S-containing steel is attributed to the Fe-Ti 

wash-out melt (see Appendix l.A).   Finally,  steel G,  containing simultaneous 

additions of Si + Mn had a significantly lower fracture toughness (~45 k. s.i./i); 

this can only be attributed to the presence of one or both of these impurity 

additions. 

Also reported in Table 3 are K     values (the apparent fracture toughness 

determined from the final fracture in the stress-corrosion tests or,  in other 

words, the stress-intensity required for rapid crack propagation from a 

stress-corrosion crack as opposed to a fatigue crack) for the seven steels. 

These values together with the values of 5=1^  /K    , in Carter's terminology(3) 

the index of crack blunting, are discussed below in conjunction with the stress- 

corrosion results. 

Figure 3(A) is a macrograph of the fracture surface of a fracture tough- 

ness specimen; the flat fracture and absence of significant shear lips indicates 

that plane-strain conditions had been satisfactorily achieved.    Figure 3(B) 

illustrates the appearance of a failed stress-corrosion specimen.    (In both 

the preceding illustrations,  region A is the machined starter notch,  B the 

fatigue precrack,   C the stress-corrosion crack and D the final rapid fracture 

surface).    It should be noted that on the stress-corrosion specimens some- 

what wider shear lips were observed and this,  combined with a plastic hinge 

effect may account partially for some of the high K     and S values observed. 
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On a macroscale, no significant amounts of crack branching were observed 

and in all cases a single stress-corrosion crack propagated from the initial 

fatigue-precrack through to the final failure.    In particular, two widely 

divergent cracks,  as noted by Carter (3), were never observed. 

In all cases, the stress-corrosion cracks propagated inlergranularly 

with respect to the prior-austenite grain-boundaries,  as illustrated in 

Figure 4.    This is in accordance with the observations of other authors (12, 

13).    The fatigue-precrack was always trans granular.    The appearance and 

path of the stress-corrosion cracks seemed independent (within the limitations 

of optical metallography) of the presence or absence of any particular impurity. 

(i) There were no significant differences in the K, values for steels 
Is.c.c. 

A,   B,   C and G,  a value of about 10 k. s. i./i being observed in each case. 

In other words, the use of ultra-high purity maraging steel will not 

result in significantly improved stress-corrosion resistance compared 

to steels of normal commercial purity.    Furthermore, unusually high S 

contents (up to 0. 03%) and Mn + Si additions (up to 0. 15% of each) will 

will not have any deleterious effect on stress-corrosion resistance.   Note 

that all these steels have roughly the same S~value (3) (in the range 

1.5-1.6).   If it is assumed that the value of S is in some way predominantly 

Separate curves of KT., the initial plane-strain stress intensity against 

log t,, the time to failure in the stress-corrosion tests are shown for each 

of the seven steels investigated in Figure 5.    In all cases, the original data 

points for both failure and no-failure tests are indicated; from these points, 

the illustrated curves of K. against log t, were constructed and the estimates 
Xl 1 «-J 

of K. reported in Table 3 obtained.    Figure 5 gives an indication of the 
xs. c. C. |~» 

good reproducibility that may be obtained by the use of fatigue-precracked 

stress-corrosion specimens.    For purposes of comparison,  Figure 6 shows 

the curves of K    against log t   for all seven steels replotted on one graph, 

with the experimental data points omitted for the sake of clarity.    The data 

reported in Figures 5 and 6 indicate that specific impurity additions had the 

following effects on the stress-corrosion resistance of 18 Ni maraging steel: 

, 
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dependent on the nature of the stress-corrosion crack tip this result 

is to be expected. 

(ii) Steel F had a slightly lower stress-corrosion threshold (K. 
xs • c • c • 

~8 k. s.i./i) and there is thus preliminary evidence that high Cr 

residuals in the 18 Ni maraging steel may be detrimental to optimum 

stress-corrosion resistance.    Other authors (3) have observed that 

the 12 Ni-5Cr maraging steels usually have poor stress-corrosion 

resistance and there is thus considerable circumstantial evidence that 

high Cr levels in general are incompatible with good stress-corrosion 

resistance in maraging steels.    It is significant that steel F, with the 

lowest K, ,  had the highest S value, 
is.c.c. 

(iii) Steels D and E had a significantly higher K value (~13 k. s.i./i); 
±3 « C. C. 

«!>!>,'".„■, 

this is associated with the presence of high phosphorus and carbon contents 

respectively.    Again,  it is significant that these two steels had the same 

fracture toughness as the commercial purity steel but that the KL    values 

were very low, leading to low S values.    There is however,  some 

difficulty in interpreting this data solely in terms of alloy composition 

as steel D,  in addition to containing a deliberately high phosphorus 

addition,  also contained significantly more carbon than the other steels. 

No consistant correlation of any sort between K,    and K, or between 
Ic Is.c.c. 

IC    and K    ,  was apparent for the seven steels, within the relatively narrow 

variations in these parameters which were observed.    There was however, 

a correlation between the ratio K_  /K-   and the value of K ,  high values 

of S b-ing associated with low IC values, and vice versa.    If as suggested 
„ r Xs. c. c. 
Il 
U above, the value of the ratio S is in some way dependent on the nature of the 

stress-corrosion crack tip, this correlation is to be expected. 

The curves shown in Figure 6 indicate that at a particular K. value, the 

steels show different failure times and,  on a semiquantitative basis, they may 

be interpreted as indicating that the stress-corrosion crack growth rate at a 

particular stress-intensity K. varies between steels.    The situation is, however, 

not quite so simple.    Three factors are involved: 
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Firstly, although the p     cimens were fatigue precracked and then loaded 

with environment present, there was nevertheless still a distinct initiation 

period before crack propagation commenced.    This was clearly demonstrated 

by monitoring the deflection of the loading arm with time; tide gives a quali- 

tative estimate of the rate of crack growth (a quantitative estimate cannot be 

obtained due to net-section yielding and varying plastic zone size).    Figure 7 

shows curves of the loading arm deflection with time.    Curve A shows the 

typical deflection observed during the initial stages of the test.    After the 

application of the load and transient creep in the apparatus there was a 

stable stage when no crack growth was apparent; this is regarded as the 

initiation time Tj for stress-corrosion crack propagation from a fatigue- 

precrsxk.   This initiation time was measured in this way on all the steels, 

at varying K-. values, and typically had a value of 5- 15% of the total time 

to failure.   This variation is regarded as random experimental error,  as 

no systematic variation with either composition or X    value was noted. 

During stress-corrosion crack propagation, especially during the latter 

stages of the test when the crack was propagating very rapidly, discontinuities 

were apparent in the deflection-time curve,  (as shown in curve B in Figure 7); 
:i 
n 

these are interpreted as evidence of discontinuous crack growth.    The 

existence of an initiation period and of evidence for discontinuous crack 

propagation are considered to be most consistent with a   hydrogen- 

embrittlement mechanism of crack growth. 

Secondly, as the steels show different K     values, the extent of stress- 

corrosion crack propagation required to increase K  to K   , and hence 

cause failure varies.    However,  data by Mostovoy et. al. (14),  Peterson et.al(15) 

and Johnson and Paris (16) indicate that for steels, the rate of stress-corrosion 

crac-" growth increases rapidly with stress-intensity at high K  levels.    The 

same conclusion may be reached by a comparison of curves A and B in Figure 7. 

It is therefore very probable that the bulk of the measured time to failure for 
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tests started at low K   values consists of crack propagation at low K 

values (<-40 k.s.i./I)  and that the time required for propagation from say 

K   = 40 k. s.i./i to K   = 90 k. a.i.A is relatively short.    The fact that the 

curves in Figure 6 appear asymptotic to some finite time ^300-700 mins) 

and do not tend to zero time as K,.-»K,   is due to the fact <hat K,   ^ K,  . 
Ii      Ic Ix       Ic 

Thus,  if a specimen is leaded to a K,. just below K,  .  a finite time is 
Ii Ic 

required for the stress-corrosion crack to initiate and propagate to a 

point where K. = K    . 

Thirdly,  although 2 steels may be loaded to the same K.. value,  if they 

have different K. values, then AK=K, - K, will be different for 
Is.c.c. I     Ii        Is.c.c. 

the two tests.   It has been shown elsewhere (17) that, for 4340 steel, the 

time-to-failure varies linearly as 1/AK .    This has been interpreted (17) 
2 

as indicating (a) that V aKT (K-K_ )  , where V is the stress-corrosion I      I     Is. c. c. 
crack growth rate and (b) that the constant of proportionality in the above 

relationship varies directly as the slope of the straight line relationship. 

Figure 8 shows t   plotted against 100/AK   for the steels used in the present 

investigation; a linear relationship is again observed.    The fact that these 

straight line relationships are observed indicates that the crack initiation 

time,  and the time required for crack propagation at high stress-intensity 

levels,  do indeed,  as argued above,  make fairly small contributions to the 

overall failure time.    It is also concluded that the steels containing P and C 

additions (D and E respectively) do in fact have significantly slower S. C. C. 

growth rates (at a given K. level) than the other 5 steels, which otherwise 

show no marked relative differences in growth rate (cf.  Figure 8). 

III.      2.    Electrochemical Measurements 

Figure 9 shows on one plot the anodic and cathodic polarization curves 

for four of the steels (B,   C,   D and F),  determined as described in Section II. 3. 

above.    For the sake of clarity,  the polarization curves for the other three 

steels (A, E and G) have been omitted; however,  in all cases these latter lay 

withii. the envelope described by the four curves shown in Figure 9.    It is 
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considered that there were no significant differences in the polarization 

curves of any of the seven steels investigated and that the apparent dif- 

ferences shown in Figure 9 are due to random experimental error.    In any 

case, however the apparent differences between the polarization curves did 

not correlate in any way with the observed differences in K or stress- 

corrosion crack growth rate.    It was therefore concluded that these latter 

differences cannot be ascribed to obvious differences in tha electrochemistry 

of the steels, as characterized by their potentiostatic polarization curves. 

3.    Metallographic Studies 

The optical microstructure of the high purity steel (A) is shown at two 

different magnifications in Figure 10; it is essentially the same as those 

reported by other authors (18, 19) for similar steels after corresponding 

austenitizing and maraging treatments.    Clearly visible are prior-austenite 

grain-boundaries and martensite laths within the grains.    Although,  as 

would be expected, all the other six steels had basically similar micro- 

structures, the following significant differences were noted: 

(i)    Steel C (sulphur addition) contained very fine,  light-etching inclusions, 

which are presumed to be some sulphide,  as illustrated in Figure 11(A). 

This steel was the only one which exhibited any degree of banding and 

it was obvious that the sulphide particles were most prevalent in the 

bands; the banding itself, however, was not particularly marked (20). 

(ii)   Steel E (carbon addition) also contained a number of fairly fine inclusions, 

as illustrated in Figure 11(B); these particles, which were evenly dis- 

tributed and not concentrated in grain-boundaries are assumed to be 

titanium carbonitride (20). 

Apart from the above two steels, all the others had microstructures 

indistinguishable from that of the high-purity alloy (steel A),  and none 

showed any signs of delamination during either the fracture toughness 

or the stress-corrosion tests.; this might have been expected if serious 

banding existed. 
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13. 

The thin-foil transmission electron microstructure of the high-purity 

alloy (steel A) is shown in Figure 12.    Again, this microstructure is 

essentially similar to that observed by other workers, who have identified 

the precipitates present,  a^jr a very similar heat treatment, as being 

orthorhombic Ni.Mo and a complex tetragonal sigma phase probably based 

on FeTi (18).    Boundaries are also visible, but it is not clear whether 

these are prior-austenite grain-boundaries,  sub-grain boundaries or 

martensite lath boundaries; there is, however,  some evidence of preferential 

precipitation on them.    The other steels showed all of the above microstructural 

features but in addition, the Si + Mn containing alloy (steel G) showed a copious, 

evenly distributed dispersion of fairly coarse,  rounded particles,  as illustrated 

in Figure 13(A).    The P- and C- containing alloys (steels D and E respectively) 

also contained a number of dispersoid particles, but these were fewer and less 

evenly distributed, as illustrated in Figures 13(B)  and (C) respectively.    No 

attempts were made at identification of the dispersoids in the Si + Mn or P alloys. 

No fractographic examination of the fatigue-precrack fracture faces was 

undertaken.    However, a detailed fractographic study of the rapid fracture 

surfaces of fracture toughness specimens was made and resulted in definite 

correlations between fracture toughness, alloy microstructure and the 

fracture surface morphology.    In all the steels, the rapid fracture surface 

showed a transgranular,  dimpled fracture morphology characteristic of 

ductile, overload failure by a mechanism of nucleation,  growth and coal- 

escence of microvoids (22,23).    However,  the Si + Mn steel, which had a 

low fracture toughness and which contained numerous, fairly coarse particles 

in addition to the strengthening precipitates (cf Figure 13(a) and comments 

above) showed a relatively uniform distribution of fine dimples, as illustrated 

in Figure 14(A).    Higher magnification examination of these dimples indicated 

that they were usually nucleated by discrete particles, as illustrated in 

Figure 14(B); these particles are presumably the dispersoid discussed 

earlier.    On the other hand, the steels with the highest fracture toughness 
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(the high-purity and sulphur containing steels, alloys A and C respectively) 

had a clean,  dispersoid-free microstructure and generally showed a much 

coarser, though somewhat less uniform dimple size, as illustrated in 

Figure 15(A).    Higher magnification examination of these dimples revealed 

some particles on the fracture surface but, as illustrated in Figure 15(B), 

these particles appeared to have nucleated microvoids only to a quite limited 
TT 

extent.    Finally, although the four remaining steels (i.e. those with the 

constant,  intermediate fracture toughness of about 56.5 k.s.i. , alloys B,  D, 

E and F) exhibited fairly wide variations in dimple size,  as illustrated in 

Figure 16, the average dimple diameter was cle?trly intermediate between 

the fine and coarse dimples illustrated in Figures 14(A) and 15(A) respectively. 

High magnification examination of thj occasional very large dimples which 

were observed in the P- and C- containing alloys (steels D and E respectively) 

indicated that they had often been nucleated by brittle fracture of a large 

dispersoid particle,  as illustrated in Figure 17(A).    Occasionally the dis- 

persoid particle itself was broken up by further plastic deformation of the 

matrix during subsequent growth of the microvoid, as illustrated in Figure 17(B). 

Fractographic examination indicated that the stress-corrosion fracture 

surface morphology was essentially the same for all steels; no important or 

significant differences between alloys could be detected.    In all cases, the 

fracture was brittle (in the sense of the absence of any evidence of gross or 

local plastic deformation as afforded by fatigue striations or dimples),  inter- 

granular with respect to the prior-austenite grain-boundaries,  and in general 

quite similar to the stress-corrosion fracture surfaces observed in other high 

strength steels (17).    The typical fracture morphology is illustrated in 

Figures 18(A) and (B).    In some cases the fracture surfaces was quite heavily 

pitted (Figure 18(A)) while in others there seemed to be very little evidence of 

any chemical attack or corrosion.    Both types of surface were, however. 
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observed in all steels and, in many cases, on adjacent areas of the same 

replica.   In addition to pits,  secondary cracks (X in Figure 18(B)) and 

grain-boundary surface markings (Y in Figure 18(B)) were also visible. 

These latter may be interpreted as evidence of residual ductility in a 

quasi-cleavage fracture mechanism. 

IV.    Conclusions 

A series of 18 Ni (300 grade) maraging steels of overall commercial 

purity but containing also deliberate impurity additions of S,  P,   C,   Cr 

and Si + Mn has been studied at a constant strength level.    The plane- 

strain fracture toughness and the stress-corrosion resistance of these 

steels, as determined by testing plane-strain fatigue-precracked 

specimens in 3. 5% NaCl solution, were evaluated.    Comparison of these 

with the same parameters for a specially-produced high-purity 18 Ni 

(300 grade) maraging steel and a similar steel of commercial purity 

allows the following conclusions to be drawn: 

(1) Production of ultra-high purity 18 Ni (300 grade) maraging steel, or 

of steel containing less than 0. 005%C, will result in useful increases 

in fracture toughness but no significant improvements of stress- 

corrosion resistance. 

(2) Increasing the carbon content within the range 0. 01 to 0. 06% results 

in no further progressive deterioration in fracture toughness but, 

within the range 0. 03 to 0. 06%C,  can result in marginal improvements 

in stress-corrosion resistance,  as evidenced by higher K- values 
Xs.c. c. 

and lower crack growth rates. 

(3) The effect of phosphorus additions has not been clearly defined; up to 

0. 030%P does not have a deleterious effect on fracture toughness and 

may result in a marginal improvement in stress-corrosion resistance 

similar to that described for C. 

■    ■ ■ '      '     •     ' 
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(4) Chromium (0.24%) has no effect on fracture toughness but is detri- 

mental to stress-corrosion resistance and results in slightly lower 

K, values. 
Is. c. c. 

(5) Simultaneous additions of Si + Mn result in a drastic reduction of 

fracture toughness but have no effect on stress-corrosion resistance. 

(6) Sulphur additions (up to 0. 03%) have no effect on either the fracture 

toughness or the stress-corrosion resistance. 

The base-lin« data for the above comparisons are the fracture toughness 

and stress-corrosion resistance of the 18 Ni (300 grade) maraging steel 

of commercial purity. 

The observed variations  in fracture toughness have been correlated 

qualitatively with variations in the microstructure and the fracture surface 

morphology of the steels.    Alloys with low fracture toughness exhibited 

fine dimples which had been nucleated by dispersoid particles in the micro- 

structure,  while alloys with high fracture toughness exhibited clean micro- 

structures and coarse dimples.    No similar correlation existed however, 

for the observed variations in stress-corrosion resistance,  although an 

overall (inverse) correlation between K_  /K,    and K, was noted; 
Ix     Ic Is.c.c. 

this may be explained on the basis of the assumption that both quantities 

are in some way dependent on the conditions at the stress-corrosion 

crack tip.    The differences in stress-corrosion resistance could also not 

be ascribed to variations in the electrochemistry of the steels so far as 

this could be characterized by anodic and cathodic polarization curves. 

As with AISI 4340 steel,  a Lnear relationship was shown to exist between 

the time to failure, t, and 1/AK, where iÄK,sKT. - K, .    The im- f 1 I      Ii        Is.c.c. 
plications of this type of relationship have been discussed in detail 

elsewhere (17). 
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The overall,  practical conclusion which may be drawn is that for 

optimum stress-corrosion resistance and fracture toughness 18 Ni 

maraging steels should be as low as possible in both carbon and 

chromium, with the level of other elements being of much less importance. 

The improvement of stress-corrosion resistance noted with high carbon 

contents is not considered practically useful.    Any definite interpretation 

of the effect of specific elements on stress-corrosion resistance in 

fundamental terms must await further conclusive evidence as to the 

mechanism of environmentally-induced subcritical crack growth in high- 

strength steels.    Very tentatively however,  it may be suggested that if 

the cracking is due to hydrogen-embrittlement,  as is becoming in- 

creasingly probable,  then the deleterious effect of Cr additions may be 

due to Cr dissolution   and hydrolysis at the crack tip area leading to 

enhanced hydrogen evolution.    On the other hand,preferential segregation 

of hydrogen to titanium carbo-nitride particles would result in improved 

stress-corrosion resistance because of lowered pH. 
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Steel A B C 1           D E F G 

Nominal 
Composition 

High 
Purity 

Commercial 
Purity 

Sulphur 
Addition 

Phosphorus 
Addition 

1   Carbon 
Addition 

Chromium 
Addition 

Si + Mn 
Addition 

Ni 18. 1 18.0 18.0 18.1 18.2 18.2 18. 1 

Co 8.87 9.00 8.90 8.97 9.00 8.87 8.83 

Mo 5.00 4.97 4.85 4.98 4.90 4.97 4.97 

Ti 0.69 0.76 0.79 0.76 0.76 0.76 0.75 

Al 0.11 0. 12 0. 11 0. 12 0.12 0. 11 0. 11 

B <0.001 < 0.001 <0.001 <0.001 <0.001 < 0.001 <0.001 

Zn <0. 01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

1        N2 0. 007 0. 007 0.002 0.006 0.001 0.005 0.001 

S 0.003 0.005 0.031 0.014 0.004 0.004 0.004 

P 0.007 0.008 0.002 0.030 0.006 0.008 0. 002 

c 0.005 0.019 0.005 0.027 0.062 0.016 0.015 

Cr 0.011 0.012 0.010 0.014 0.010 0.24 0.015 

Si 0.014 0.015 0.014 0.018 0.011 0.017    | 0.15 

Mn 0. 024 0,025 0.025 0.025 0.025 0.025 0. 14 

Table 1 

Composition of experimental alloys, in weight percent, with iron-balance 
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] 
] 
0 

0. 2% Offset Tensile 
Yield Strength Strength 

Steel Composition k. s.i. k. s. i. 

A High-purity 244 249 

B Commercial-purity 246 253 

C S - Additions 240 247 

D P - addition 243 248 

E C - addition 240 245 

F Cr - addition 24G 254 

G Si + Mn - additions 241 248 

Table   2 

Mechanical properties cf experimental alloys 
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Table 3 

Fracture toughness and stress-corrosion threshold stress-intensities 

for experimental alloys. 

(a) Stress-intensities expressed in k. s. i.A 

(b) S=IC  /K     (dimensionless) 

22. 

Steel Composition KIc Klx s<b' Iscc 

A High-purity 66 101 1.5 10 

B Commercial- purity 59 91 1.6 10 

C S-addition 67 98 1.5 10 

D P-addition 56 54 1.0 13 

E C-addition 58 47 0.8 13 

F Cr-addition 55 94 1.7 8 

G Si + Mn-addition 45 70 1.6 11 

I 
I 
I 
B 

:; 

;: 

D 
0 
il 
:; 

;; 

D 
'[ 

11 
0 
D 

 -. .-.-.: ,   .,-..wl..— MMI.   il.,   ; ■-——...—y.,.:-^-— _ —■--■■ ~T, —'  — 



_  

■ 

23. 

Figure Captions 

1. Design and dimensions of the specimens used for mechanical property 
determinations (A) and in fracture toughness and stress-corrosion 
tests (B). 

2. Diagram of apparatus used in determination of potentiostatic polarization 
curves. 

3. <A).     Macrograph of the fracture surface of a fracture toughness test 
specimen; commercial purity alloy,  steel B, measured 
K     = 57.0 k. s.i./i,  x 5 approx. 

(B).     Macrograph of the fracture surface of a stress-corrosion test 
specimen; chromium-containing alloy,  steel F; 
K,. = 27. 9 k. s. i.yi, K,    = 100 k. s. i./i, time to failure = 333 
minutes, x 5 approx. 

4. Light micrograph of an intergranular stress-corrosion crack; chromium- 
containing alloy,  steel F,  x 500. 

5. Individual curves of K_. against log t   for the seven experimental alloys, 
showing all original data points. 

6. Curves of K. against }og t, replotted on one set of common axes, with 
original data points omitted. 

7. Experimentally observed curves of loading arm deflection with time. 
Curve A:    Carbon-containing alloy,  steel E, K    = 15.6 k. s.i./i, 
K     = 50 k. s.i./i, failure time = 1885 minutes, initiation time ^255 
minutes.    Curve B:    High-purity alloy,  steel A,  K_. = 15. 3 k. s.i./i, 
K,    = 107 k. s.i./i, failure time = 1439 minutes. 

Ix 

8. Plots of t   against 100/AK,  showing linear relationship for all steels. 

9. Selected anodic and cathodic potentiostatic polarization curves. 

10.     (A).     Light micrograph showing typical microstructure of the high 
purity alloy,  steel A, at x 200 magnification. 

(B).     Light micrograph showing typical microstructure of the high 
purity alloy,  steel A,  at x 500 magnification. 
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11. (A).    Light micrograph showing light-etching inclusions (arrowed) in 

sulphur-containing alloy, steel C, x 200. 

(B).     Light micrograph showing dark-etching inclusions (arrowed) in 
carbon-containing alloy,  steel E, x 200. jl 

12. Thin foil electron transmission micrograph showing typical maraged 
microstructure of the high-purity alloy,  steel A, x 61, 000. 

13. (A).    Thin foil electron transmission micrograph showing coarse 
dispersoid particles in the microstructure of the Si + Mn 
containing alloy,  steel G, x 27, 000. 

(B).    Thin foil electron transmission micrograph showing dispersoid 
particles in the microstructure of the phosphorus-containing 
alloy,  steel D, x 25, 000. 

(C).    Thin foil electron transmission micrograph showing microstructure 
of the carbon-containing alloy,  steel E, x 49, 000. 

14. (A).    Electron fractograph of the rapid fracture surface of a fracture 
toughness specimen of the Si + Mn containing alloy,  steel G,  show- 
ing the fine dimpled morphology, x 2800. 

(B).    As 19 (A), but at a higher magnification,  showing nucleation of 
dimples (microvoids) by coarse dispersoid particles, x 12, 000. 

15. (A).    Electron fractograph showing the coarse dimpled morphology of 
the rapid fracture areas of a fracture toughness specimen of the 
sulphur-contaiinng alloy,  steel C, x 1900. 

(B).    Electron fractograph showing the coarse dimpled morphology of the 
rapid fracture area of a fracture toughness specimen of the high- 
purity alloy,  steel A, x 8, 000. 

16. Electron fractograph showing mixture of coarse and fine dimples on the 
rapid fracture area of a fracture toughness specimen of the phosphorus- 
containing alloy,  steel O, x 2800. 

17. (A).    Coarse dimple nucleated by brittle (cleavage) fracture of a titanium 
carbonitride particle on the rapid fracture surface of a fracture 
toughness specimen of the carbon-containing alloy,  steel E, x 8, 000. 

(B).    Coarse titanium carbonitride particle fractured by plastic deforma- 
tion of underlying metal; electron fractograph of the rapid fracture 
of a fracture toughness specimen of the carbon-containing alloy, 
steel E, x 12, 000. 
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18.   (A).    Electron fractograph of the stress-corrosion fracture surface of 
the high purity alloy, steel A, showing pitting attack; x 2800. 

(B).    Electron fractograph of the stress-corrosion fracture surface of 
the commercial purity alloy,  steel B, showing no pitting but 
secondary cracks (X) and grain surface markings (Y); x 2800. 
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Appendix I - Preparation of Samples 

A. The melting sequence used during preparation of the experimental 

alloys was:   wash-out heat,  commercial-purity heat, high-purity heat, 

C-addition heat,   Cr-addition heat. Si + Mn addition heat,  P-addition heat; 

the crucible was then washed out with an Fe-Ti alloy and finally the 

S-addition heat was melted.    This sequence was designed to minimize the 

contamination from heat to heat.    After melting, the ingots were soaked 

for one hour at 2300 F, flattened twice,  resoaked for a further half hour 

at the same temperature,forged to 1. 25" x 2. 75" plate,  and hot-rolled at 

1900 F to 0. 5" x 3. 5" bars.    Subsequent heat-treatments, as detailed in 

the text,  were undertaken in the author's laboratory. 

B. For each steel aging curves of hardness (R  ) against time (0. 5 - 
c 

48 hours) at temperature (875,  900 and 9250F) after austenitizing for 

one hour at 1500 F were determined, using small (approx.   1/2 in.  square) 

specimens.    Within experimental accuracy,  significant differences between 

the aging curves for different steels could not be detected and it was con- 

cluded that the presence of the impurities did not significantly affect aging 

kinetics.    The aging curves obtained were very similar to corresponding 

curves reported in the literature (5, 6).    Prior to testing, all the steels 

were therefore given the commercially recommended heat treatment of 

austenitizing for one hour at 1500oF (8l60C),  followed by maraging for 

6 hours at 900oF (482 C).    These heat-treatments were carried out in a 

500 lb. neutral salt-bath and a gas-fired inert atmosphere furnace re- 

spectively; after both treatments the specimens were oil quenched.    All 

the steels had final hardness values within the range R    54-57. 
c 
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Appendix II - Experimental Techniques 

A. The longitudinal 0.2% offset yield strength, the ultimate tensile 

strength and the percent elongation of the seven steels were determined 

using non-standard tensile specimens of the design shown in Figure 1(A). 

These specimens were ground from failed stress-corrosion specimens 

and were pulled at a cross-head speed of 0. 020 in/rnin.  on a 10, 000 lb. 

Instron,  using double-wedge-action grips.    The results obtained are 

shown in Table 2; each value is the mean of 3 specimens tested.    These 

results confirm the preliminary hardness measurements and indicate 

no significant difference in mechanical properties between the steels. 

All the steels showed elongations of 4-5%. 

B. Both the stress-corrosion and the fracture-toughness specimen 

dimensions were sufficiently large to ensure valid plane-strain con- 

ditions (8) and the stress-intensity at the crack-tip was therefore 

calculated using the formula (7): 

4. 12m (a    -a)      k.s.i./i 
K., - * 

I 3/2 
TW 

where a=l-— and m = bending moment at crack in kip-ins 
T = specimen thickness in ins. 
W = specimen width in ins. 
c = total depth of notch + crack in ins. 

The specimens were side-grooved to a depth of 5% of the total thickness 

on each side; the calculated K_ values were corrected for the presence of 

the side-grooves by the method of Freed and Krafft (10).    The starter 

notch and side grooves in both the stress-corrosion and the fracture 

toughness specimens were inserted with a 60 ,  nominal 0. 010" root- 

radius,   V-cutter. 

;■ .ft 



C. Polyethylene containers enclosing the area of the notch and fatigue 

precrack, as illustrated by Brown (7), were sealed to the specimens usin', 

a silicone adhesive (Dow-Corning Silastic 892 RTV).    After application, 

the adhesive was allowed to cure fully for at least 24 hours before starting 

the test.    The environment was circulated through the containers at a rate 

of 80-100cc. /min. t from a 30 liter reservoir maintained at 40 ± 10C and 

fully aerated.    The solution in the reservoir was changed weekly; in the 

interim, it became somewhat discolored by rust but the bulk solution pH 

remained within the original range of 6. 3-6. 6.    In all cases the environ- 

ment was admitted to the containers and allowed to circulate for 30 minutes 

prior to application of the load to the specimens.    It would appear probable 

that this loading sequence minimized any initiation time required prior to 

crack propagation, as the load application produces a plastic zone at the 

crack tip which ruptures any pre-existing oxide film and thus bare metal 

is exposed to the environment, at least at the start of the test.    All times 

were measured from the moment of application of the load. 

D. For each steel six specimens were loaded to various initial stress- 

intensity levels, K   ,  (K <K.. <K   ) to generate curves of time-to-failure 
xi       xscc      xx     xc 

against K_. and hence to obtain from above an estimate of K        , the stress- 
XI xS C C ; 

intensity threshold below which stress-corrosion crack propagation does not 

occur.    The other specimens were loaded to an initial stress-intensity of 

K,. <K,      .    After at least 10, 000 minutes, if failure had not occurred and 
Ii      Iscc 

if no crack growth had taken place, (as measured by the deflection of a 

dial-gauge at the end of the cantilever loading-arm), the load was increased 

by a small increment; this procedure approached IC.        from below and was 
XS c c 

repeated until Crack growth and failure resulted,  i.e. until K,., > K,       .   Both 
Ix—   Iscc 

methods gave the same estimate of K        , indicating that severe crack blunt- 
XS cc 

ing by corrosion did not occur when KT <K_       .    Three of the failed stress- 
x      xs cc 

corrosion specimens were used to make the fracture-toughness specimens 
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described in the text; K     was estimated by increasing the load on the 

specimens until fracture occurred and then calculating the stress- 

intensity from the length of the initial fatigue-precrack and the load at 

fracture. 

E.    During determination of polarization curves the environment was 

maintained at 30±loC and aerated by bubbling purified oxygen at a flow 

rate of 150 cc. /min.    Cylindical specimens, with a total exposed surface 
2 

area of~2.95 cm   were used; prior to testing these were abraded with 

320 grade emery paper and then ultrasonically cleaned in acetone.    These 

working-electrodes were machined from material from failed stress- 

corrosion specimens which had been reaustenitized at 1500 F for 1 hour; 

following machining the specimens were re-aged at 900 F for 6 hours. 

Two platinum counter-electrodes of similar design and dimension were used; 

these were cleaned by immersion for one minute in aqua regia immediately 

before use.    All potentials were measured and are expressed with reference 

to a S. C. E.  (add 242. OmV to convert to S. H. E.).    The initial potential of 

the specimens on immersion lay within the range -300 to -400 mV but was 

not reproducible and drifted considerably with time; after 20-25 hours, 

however, a stable, reproducible rest potential within the ranj^e -500 to 
n -520 mV was obtained with all the steels.    Starting from this rest potential, 

the cathodic polarization curve was determined first.    The potential was 

stepped in the more negative direction in 50 mV increments, held potentio- 

statically, and, in each case, the cathodic current after 2 minutes recorded. 

This procedure was repeated until gas evolution occurred at the working 

electrode (at ~-1200 mV).    At this stage, the external polarization was 

removed and within 2-3 hours the potential of the working electrode re- 

turned to, and remained stable at, the original rest potential.    Using the 

same procedure, the anodic polarization curve was then determined.    The 

sweep was continued until very severe dissolution was occurring at the 

working electrode (at~0 mV); no passivation phenomena were observed. 

■ ' —'■' ■■ 



^Ht^m^mmmmmn^mmmmmiemmmmmmmKtm^mimmm lim *iuma'mim'"«nm 

F.   Using optical metallography, specimens polished and etched in a 

solution containing 90 cc. ethanol ■) 5 cc. nitric acid + S cc. acetic acid 

were examined.    To prepare foils for transmission electron microscopy, 

transverse specimens approx.  0. 004 in. thick were ground from failed 

stress-corrosion specimens and then thirled to foils by jet-polishing in 

a 90% acetic acid -10% perchloric acid nüäLtm^.    Tc prepare specimens for 

electron fractography, a two-stage replication technique was used.    An 

acetate replica of the original fracture surface was platinum shadowed 

(in growth direction at an angle of 30 ) and then carbon deposited; finally 

the plastic backing was dissolved off in acetone in the usual way.   Im- 

mediately after stress-corrosion or fracture toughness testing, but prior 

to replication, the fracture surfaces were always protected with an 

acetone-soluble lacquer. 
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